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Abstract— With power consumption becoming an increas-
ingly important factor, it is necessary to reevaluate tradi-
tional, power-intensive,architectural techniquesand their relative
performance bene�ts. We believe that combined architecture-
compiler efforts open up new and ef�cient ways to retain the
performance bene�ts of modern architectures while addressing
their power impact.

In this paper, we presentCool-Fetch, an architecture-compiler
basedapproach to reduceenergy consumption in the processor.
While we mainly target the fetch unit, an important side-effect
of our approach is that we obtain energy savings in many other
parts of the processor. The explanation is that the fetch unit often
runs substantially aheadof execution,bringing in instructions to
differ ent stagesin the processorthat may never be executed.
We have found that although the degree of Instruction Level
Parallelism (ILP) of a program tends to vary over time, it can
be statically estimated by the compiler. Our Instructions Per
Clock (IPC) estimation schemeusesmonotonic data�o w analysis
and simple heuristics, to guide a fetch-throttling mechanism.
We develop the necessaryarchitecture support and include its
power overhead.Using Mediabenchand SPEC2000applications,
we obtain up to 15% total energy savings in the processor
with generally little performance degradation. We also provide
a comparisonof Cool-Fetch with previously proposedhardware-
only dynamic fetch-throttling schemes.

I . INTRODUCTION

For modern processors,the rate of increase in power
and energy dissipationis greaterthan that of performance.
Processorsare also increasinglyused in energy-constrained
battery-powered applications.This has forced designersto
reformulatetheir optimizationcriteria: power and energy are
complementingperformanceas additional design goals. In
this paperwe presenta new framework to addresschip-wide
power reductionin processorsby leveragingstaticinformation
speculatively. This framework is basedon tight cooperation
and integrationbetweencompilerandarchitecture.

Speci�cally, we examinecompiler-drivenstaticapproaches
for increasedenergy ef�ciency with only minor performance
degradation.Our approachis basedon thestaticestimationof
the rate of instructionsper clock (IPC) which is a measure
of instruction level parallelism(ILP). Most currentdynamic
architecturalenergy savingsmethodsdependonanalyzingpast
ILP behavior to estimatefuture ILP. In contrast,we usestatic
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informationaboutthe future ILP that is inherentlyembedded
in the program.To the bestof our knowledge,this is the �rst
work that usescompiler-drivenstatic-onlyIPC estimationfor
Out-of-Order (OOO), superscalarprocessorenergy savings.
Our contributionsin this paperare:

� We develop a compiler-driven static IPC estimation
schemethat is basedon dependencetestingand simple
heuristicsin compiler backends.This information pro-
videsan estimatefor the upper-boundof availableILP.

� We usethis estimationschemeto drive our �ne-grained
fetch-throttlingenergy-saving heuristic.We have exper-
imented with a variety of architecturalcon�gurations
usingmultimediaandSpec2000benchmarks.We obtain
up to 15%chipwideenergy savings in theprocessorwith
generallylittle performancedegradation.

� We comparethe energy and performanceaspectsof the
architectural-compilerlevel Cool-Fetchwith previously-
proposedminroarchitectural-onlyfetch-throttlingmecha-
nisms.

� We investigatewhetherdynamic factorssuch as cache
misses,branchprediction, instruction window size and
pipeline depth could dilute the ef�ciency of our static
IPC-estimation-basedheuristic.For thetestcases,we �nd
suchef�ciency variationto be small.

The compiler-driven IPC estimationapproachcoupledwith
fetch-throttling forms the Cool-Fetch framework. Various
microarchitectural-level front-end mechanismsexist for pro-
cessorpower savings[4], [6], [17], [21]. In comparison,Cool-
Fetch exploits the close coupling betweenthe compiler and
microarchitecturallevels.

Therestof this paperis organizedasfollows. In SectionII,
we perform an energy audit to see which blocks in the
processorconsumethe mostenergy. We usethis information
to targetthoseblocksfor energy savings.SectionIII discusses
compilerandarchitecturalimplementationissuesrelatedto our
IPC estimationand energy savings schemefollowed by the
experimentalsetup.The resultsare presentedin SectionIV.
In SectionV, we discussrelatedwork and commenton its
relevance to this paper. We concludein SectionVI with a
brief discussion.



I I . MOTIVATION

Power andenergy arecrucialdesignparametersnot only at
the device-level but at thearchitecturalandcompilerlevelsas
well. Let us explore the architecturallevel �rst. To determine
which processorblocks are going to be major power drains
and therebychoosewhich sectionsof the processorto apply
our energy saving methodsto, we conducteda preliminary
study. We analyzedthe percentageof energy contribution
of different blocks for threearchitecturalcon�gurations.See
Figure1. Following [5], we assumethat theclock consumesa
constantratio of thepower acrossthecomponentsof thechip.
The resultsshow the averagefor 8 multimedia applications
from the Mediabenchsuite. The details of the benchmarks
are explained in Section IV-A. We scale every resource
accordingly;the �rst con�guration is a simplesingle-issuein-
ordermachine,thesecondis an8-way OOOcon�gurationand
the third is a 32-way machine.The last con�guration, while
impractical,givesanideaof thepowerdistribution if onewere
to have essentiallyunlimited resources.We includethis asan
asymptoticcase.Note that the fetch- and issue-relatedlogic,
the L1 data cacheand the ALUs becomedominantas the
complexity of thearchitectureis increased.Theseresultsagree
with the �ndings in ZyubanandKogge's study[29].

We now consider the compiler layer. In Figure 2, we
presenta snapshotfrom theexecutionpro�le of theSpec2000
application equake. The plot shows the actual IPC against
our compiler-driven static IPC estimationas averagedover
windows of 100 cycleseach.Basedon this �gure, estimated
IPC provides a reasonablyaccurateestimateof actual IPC
and we are therefore,motivated to use the static estimation
for energy savings by throttling resourceswhen they are not
needed.We devote the rest of the paper to exploring and
explaining this scheme.

I I I . IPC-ESTIMATION IMPLEMENTATION

We usea staticapproachto IPC estimation.It is suf�ciently
accurateand it is easyto implement,extend and retune.In
our implementation,we only considertrue datadependencies
(Read-After-Write or RAW) to check if instructionsdepend
on eachother. As mentionedin [19], a major limitation of in-
creasingILP is thepresenceof truedatadependencies.Tuneet
al. [25] alsoremarkthatthebottleneckfor many workloadson
currentprocessorsis true dependenciesin the code.Although
the impactof true dependenciescanbe mitigatedthroughthe
useof value speculation,the energy overheadof value spec-
ulation hardwarehasbeenfound to be prohibitively high [8].
However, notethat thecompiler-drivenCool-Fetchframework
is equallyapplicableto anarchitecturewith valuespeculation,
only the compiler-level passesneedto be replaced.Another
issuethat needsto be discussedis the impact of the Out-of-
Orderarchitectureon loop-level parallelism.Intuitively, if the
instruction window is large enough,intructions acrossloop
iterationscould be scheduledout-of-ordercreatingan effect
that is similar to softwarepipelining,which is not yet captured
in our compilationframework. Here,we considera standard,
non value speculatingOOO architecturein our experiments.
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Fig. 2. EstimatedversusactualIPC for the equake Spec2000application.
Eachpoint on the x-axis is an averageof 100 cycles.

For this architecturalcon�guration, antidependencies(Write-
After-Read or WAR) or output dependencies(Write-After-
Write or WAW) couldbeeliminatedby registerrenaming,but
even in�nite resourcescannoteliminatetrue dependencies.

It is also possible to handle false dependenciesin the
compilerpasses:this would bea viableoptionif theprocessor
were severely constrainedin its register renamingresources.
However, contemporaryprocessorsusually have enoughre-
sourcesto eliminatemostfalsedependencies.Anotherpossible
use for compiler-driven ILP estimationcould be the static
analysisanddeterminationof the FunctionalUnit (FU) needs
of the application.A back-endenergy-saving heuristicwould
then dynamically turn off unnecessaryFUs such as ALUs
during statically predictedperiodsof low-FU usage.In this
work, we have enoughFU resourcesin our baselineso this
does not becomeone of the ILP limiting bottlenecks.Of
course,there are other, dynamic, factorsthat in�uence IPC,
suchasbranchpredictionandcachemisses.For our testcases,
we foundthat theimpactof thosedynamiccomponentson the
ef�ciency of our static-onlyapproachis actuallysmallerthan
we expected.

A. Compiler-Level Implementation

We statically determinetrue data dependenciesusing an
assembly-codelevel datadependency analysis.Theadvantage
of doingtheanalysisat this level insteadof at thesourcecode
level is thattheinstructionlevel parallelismis fully exposedat
the assemblycodelayer. Our post-registerallocationscheme



usesmonotonedata�o w analysis,similar to [3]. However, our
schemehastwo importantdistinctions:�rst, we usemonotone
data �o w analysisto identify the datadependencies,not for
instruction scheduling.Second,our method is speculative,
whereas[3] requirescompletecorrectness.We identify data
dependenciesat both registersandmemoryaccesses.Register
analysis is straightforward: the read and written registers
in an instruction can be establishedeasily, since registers
do not have aliases.The determinationof reachingusesis
achieved using the well-known algorithm in [2]. However,
for memory accesses,this is not the case and there are
threeimplementationchoices:no aliasanalysis,completealias
analysis,or alias analysisby instructioninspection.No alias
analysis is too speculative for IPC estimation: it assumes
that a memory load instruction is always dependenton a
precedingstore instruction.This model would apply if there
were no load/storequeuesor multiple memory ports in the
processorbut modernout-of-orderarchitecturesare typically
equippedwith thoseresources.Anotheralternativeis doingfull
alias analysis, althoughit requiresconsiderableoverheadto
implement,this optionwould ensurefull correctness.Still, we
have foundthatourapproximateandspeculativealiasanalysis
by instructioninspectionprovideseaseof implementationand
suf�cient accuracy. In this scheme,we distinguishbetween
differentclassesof memoryaccessessuchas staticor global
memory, stackand heap.We also considerindexed accesses
by analyzingthe baseregisterand offset valuesto determine
if different memory accessesare referenced.If this is the
case,we do not considerthis pair of read-after-write memory
accessesastruedependencies.We follow with a moredetailed
descriptionof the implementation.

We useSUIF/Machsuifas our compiler framework. SUIF
makes high-level passeswhile Machsuif makes machine-
speci�c optimizations. The �nal Machsuif pass produces
Alpha assembly. We addednew passesto both SUIF and
Machsuifto annotateandpropagatethe staticIPC-estimation:
see Figure 3. We use the available compiler passesand
optimizationsin SUIF for aggressive extraction of ILP. Our
IPC-estimationis at the loop level: loop beginningsandends
serve as naturalboundariesfor the estimation.Therefore,we
needto annotatethe beginning and end of every loop. The
loop annotationpassaccomplishesthis: the high-level passis
invoked immediatelyafter we convert sourcecodeinto SUIF
intermediateformat and link and merge the varioussources.
Therefore,this passworkswith expressiontreesandtraverses
the structuredcontrol �o w graph(CFG) of eachroutine.

The other added pass, the IPC-estimationpass, is an
assembler-level MachSuifpassthat is run just prior to assem-
bler code generation.This way, we guaranteethat no com-
piler level optimizationssuchasinstructionscheduling,which
might result in instructionsbeingmoved and/ormodi�ed, are
performedafterourpass.As mentionedabove,weidentify true
datadependenciesat memoryandregisteraccessesin theIPC-
estimationpass.The passis over the linear instructionlist of
eachroutine:seeAlgorithm 1. The algorithmexamineseach
routineandpassesthe routineasan argumentto the function

High-level SUIF passes

(porky, swinghnflew)

passes (agen, raga, afin,
printmachine)

Low-level Machsuif 

assemble to binary)gcc (

Annotate Loops

Predict IPC

Insert Marker Instr.Simplescalar 3.0

cpp (.c to .i preprocessor)

scc (transform to SUIF)

Fig. 3. Compiler�o w diagram,our addedcompilerpassesareon the right.

Algorithm 1 The IPC EstimationAlgorithm
for eachroutine do

Call TraverseInst(routine);
end for
/* For eachroutine,traverselinear instructionlist */
TraverseInst(input)
treeList=expTree(input);/* recastinput as a linear instruc-
tion list */
initialize dependencyList;
while !empty(treeList.instr)do

ipcCount++;
if treeList.instris write then

addtreeList.instr.writtenItemto dependencyList
end if
if treeList.instris read then

while !empty(dependencyList) do
if treeList.instr.readItemin dependencyList then

insertAnnotate(estimatedIpc,ipcCount);
ipcCount=0;
initialize dependencyList;

end if
end while

end if
if treeList.instis loopBegin or loopEndthen

insertAnnotate(estimatedIpc,ipcCount);
ipcCount=0;
initialize dependencyList;

end if
treeList.instr=treeList.next;

end while

TraverseInst. The function expTree in TraverseInst recasts
the routine as a linear instruction list. The instruction list is
then traversedin instructionorder and true dependenciesare
annotated.Thusthe routineis divided into annotationblocks.
Eachblock carriesa uniqueannotationin thebeginningof the
block,which is simply a countof theinstructionsin theblock.
Whenever we comeacrossa truedatadependency, we endthe
block. All the instructionsin theblock exceptthe lastonecan
potentiallybe issuedin the samecycle. Note thatwe alsoend
our estimationblock at the beginning and end of eachloop.
This implicitly constitutesa simple static branchprediction
mechanism.By terminatingthe IPC-estimationblock at the
loop boundaries,we assumethat the loop branchis likely to



be taken.

B. Architectural-Level Implementation

After the compiler-passes,we use an assemblerlevel
pass to �nd every IPC-estimationannotation, and insert
a marker instruction with the associatedIPC number for
each.The Alpha assemblymarker instruction bis is an xor
operation with the �rst source and the destination being
the zero-register ($31), and the secondsource being the
IPC-estimation.We exhaustively checked all our benchmarks
by doing a disassembly(to check systeminsertedcode as
well): we were not able to �nd any naturally occurring
instructionthatxors thezeroregisterwith an immediatevalue
andsavesthe result in the zeroregisteragain.

An importantdistinctionbetweenCool-Fetchanddynamic
architectural-level throttling schemesis that the throttling
decision is made statically by the compiler in Cool-Fetch.
A �nal pass examines each marker instruction and if the
IPC-estimationis below a threshold, it inserts a throttling
�a g at that point. It is this throttling �ag, not the marker
instruction,that is passedto the hardwarelayer.

Note that the �ag requiresonly a single bit. If enough
�e xibility exists in the ISA of the target processor, then the
�ag can be inserteddirectly into the instructionseliminating
the need for a special instruction. In our experiments,we
take this approachand also consider the additional power
dissipationstemmingfrom this extension:seeSectionIII-C.
If there is not enough �e xibility in the ISA, then special
throttling �ag instructionsshould be added.This may raise
the question of increasedcode size due to the additional
instructions.Although we do not implementthis model, we
include an analysisof worst-casecode size increasedue to
this approach:we assumethat every IPC-estimationmarker
results in a throttling hint. This is unrealisticbut gives an
upperbound.AcrossMediabenchandSpec2000applications,
this boundis modestat 5.1% averagecodesize increase.

For the purposesof this work we have chosena �ne-
granularity front-end fetch-throttling scheme.However, the
compiler-directedapproachis amenableto back-endenergy
optimization schemesas well. The fetch-throttling scheme
latches the compiler-supplied throttling �ag at the decode
stage.If the �ag is set, i.e., the estimatedIPC is below a
certain threshold,then the fetch stageis throttled and new
instructionfetch is stoppedfor a speci�ed durationof cycles.
The rationaleis that frequenttrue data dependencieswhich
are at the core of our IPC-estimationscheme,will causethe
issueto stall. Therefore,the fetchcouldbe throttledto relieve
the I-cacheand fetch/issuequeuesand therebysave power
without paying a high performancepenalty. In Cool-Fetch
the decision to throttle the fetch is taken by the compiler
and thereforethe throttling thresholdcould be retunedto a
different value dependingon the context. By comparison,
the throttling thresholdvalue is committed to hardware in
architectural-onlymethodsand is therefore�x ed. We have
doneextensive experimentsto determinethe thresholdvalue
and the duration. The resultssuggestedthat a thresholdof

2 and duration of 1 is the best choice. That is, we stop
instruction fetch for 1 cycle when we encounteran IPC
estimation that is at most 2. We include the architectural
implementationof our energy saving heuristic in Figure 4.
Here,when the throttling �ag is set,GATEH is assertedand
the fetch stageis throttledby usinga clock gater. To prevent
glitches, a low-setup clock gater is used which allows the
quali�er to beassertedup to 400psafter the rising clock edge
without producinga pulse [13].

We preferreda �ne-grainedheuristicover a coarse-grained
one. Coarse-grainedheuristics usually average available
ILP-information over a large number of cycles, which can
lead to loss of accuracy. ConsiderFigure 5, where a slice
of the Epic multimedia benchmarkis shown. The y-axis
denotesthe actual IPC as averagedover 10,000 (coarser
granularity)and500 (comparatively �ner granularity)cycles.
It is evident that a coarsergranularityschemewould be less
accuratethan one using a comparatively �ner granularity
scheme.However, we should note that our compiler-layer
IPC estimationframework would work equally well with a
coarsegranularityschemeaswell.

Fetch Unit Decode Unit

CLK

CLKQ

VDDGND

GATEH

GATEL

Throttling Flag

Fig. 4. Architectural implementationof front-end throttling. GATEH is
assertedwhenthereis a throttling �ag.
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C. Architectural SimulatorSetup

The baseline architecturere�ects the state-of-the-artin
currentprocessordesigns.TableI containsa descriptionof the
baselineparameters.The trend is towardswider issue:Henry
et al. [11] proposenovel circuits that scaleto 8-way issue;
they also presentresultsfor a 128-entryissue/reorderbuffer.
An actual implementationof a large instructionqueueis the
1.8GHz64-entryinstructionwindow buffer by Leenstraet al.
[16]. Basedon the precedinganalysis,we selectedan 8-wide
issue,128entryinstructionqueueasourbaseline.Notethatthe
Cool-fetchbaselineincludesthe throttling logic block which
we explainedin SectionIII-B.

ProcessorSpeed 1.5GHz
ProcessParameters 0.18 � m, 2V
Issue Out-of-order
Fetch,Issue,Decode,Commit 8-way
FetchQueueSize 32
InstructionQueueSize 128
BranchPrediction 2K entry bimodal
Int. FunctionalUnits 4 ALUs, 1Mult./Div.
FP FunctionalUnits 4 ALUs, 1Mult./Div.
L1 D-cache 128Kb, 4-way, writeback
L1 I-cache 128Kb, 4-way, writeback
CombinedL2 cache 1Mb, 4-way associative
L2 cachehit time 20 cycles
Main memoryhit time 100 cycles

TABLE I

BASELINE PARAMETERS.

We useWattch[7] to run thebinariesandcollecttheenergy
results.Wattch is basedon the Simplescalar[9] framework.
Our baselineprocessorcon�guration has 128 entries in its
instructionqueue,thereforewe usea 128elementRUU (Reg-
ister UpdateUnit). The RUU includesthe instructionqueue
as well as the physical register �les and the reorderbuffer.
We usea sizeof 64 for the Load-StoreQueue(LSQ). We run
our baselineapplicationwithout any annotationsandcompare
this againstthe IPC estimatedversion.Simplescalarhasbeen
modi�ed to recognizethe compiler-generatedthrottling �ag.
In Wattch, we use the activity-sensitive power model with
aggressive conditionalclocking. The rationalefor this choice
is to compareour fetch-throttlingframework to anunthrottled
baselinethat is alreadypower-ef�cient. Wattchcanberetuned
for state-of-the-arttechnology scaling parameters,we use
a 0.18 � m, 1.5Ghz, 2V process.We extended the power
dissipationmodel in Wattch so that it accountsfor the extra
power overheaddueto the 1-bit throttling �ag �eld decoding
in the dispatchstage.

To extractthemaximumavailableILP andthereforeachieve
higher IPC, somecontemporarywide-issueprocessordesigns
suchastheAMD AthlonXP [1] useshortpipelines;we take a
similar approachandusethedefault 5-stagepipelinestructure
in our architecturalsimulator(fetch,dispatchor decode,issue,
writeback, commit) as the baseline.However, other recent
competingprocessorsusedeeperpipelinesto achieve higher
clock rates at the expenseof IPC. Examplesof theseare
the 20-stageIntel Pentium4 [12] and the 12-stageAMD

Hammer [28]. Therefore,we also model and analyzethe
impact of a deeper11-stagepipeline (2 fetch, 4 decode,2
issue,2 writeback,1 commitstages)in oursensitivity analysis.
The Simplescalarpipeline stagesare extendedfrom 5 to 11
anda branchpenaltyof 10 cyclesis assumedfor this analysis.
We alsoextendedtheWattchpower modelsto accountfor the
additionof extra pipelinestages.

IV. EXPERIMENTS

A. Benchmarks

We usetheMediabench[15] andSpecCPU2000[24] bench-
marks in our experiments. We select eight applications
from each suite: adpcm, epic, g721, gsm, jpeg, mesa,
mpeg, rasta from Mediabenchand bzip2, gap, mcf, parser,
vpr, ammp, art, equake from Spec2000.Of the Spec2000
suite, � ve (bzip2,gap,mcf,parser,vpr) are Integer, while three
(ammp,art,equake) are Floating Point benchmarks.We run
all Mediabenchapplications to completion. For the Spec
CPU2000benchmarkswe skip pasttheinitializationstageand
simulate the next 1 billion instructionsusing the reference
input set.To skip, we fast-forward by the numberof instruc-
tions asprescribedby Sair et al. [22] in their SpecCPU2000
initializationsegmentanalysis.If theprescribednumberis less
than1 billion, we fast-forward by 1 billion instructions.

B. BaselineResults

We �rst presentour results for the baselinecase. See
Figure 6a for the Spec 2000 applications.For the Spec
2000benchmarksin this architecturalcon�guration, compiler
IPC-estimationdriven front-end throttling yields excellent
results:on the average,we get 8% processorenergy savings
with a performancedegradationof 1.4%.As shown in Figure
6b, for the Mediabenchapplicationswe get 11.3% average
energy savings,however this comesat thepriceof anaverage
4.9% performancedegradation.This is due to the fact that
multimediaprogramshave typically a higherILP thangeneral
purposeapplicationssuch as Spec 2000: although the low
IPC estimatedinstructionsarestalledat the issuequeue,later
and higher IPC instructions could have all their operands
available and issuedout-of-order if there is suf�cient ILP
available. This implies that for this con�guration running
mediabenchmarks,a coarser-granularityschemeor a hybrid
static/dynamicheuristiccould yield betterresults.

To presenthow fetch-throttlingsavesresources,we include
our �ndings on the percentagedecreaseof the fetch and
instructionqueueoccupancy. For MediabenchandSpec2000,
on average,the time that the queuesare full is decreased
by 28.6% and 14.7% for fetch; and 17.2% and 7.7% for
issue,respectively. The averagequeuesize is decreasedby
19.2% and 10.4% for fetch; and 4.1% and 2.0% for issue,
respectively. Notice that the front-end throttling scheme
decreasesthe averagequeueoccupancy of the back-endissue
queueaswell.

We now examine the percentageof energy savings per
processorblock: seeFigure 7. As expected,the block with
the highestoverall savings is the fetch stage.However, note



0

2

4

6

8

10

12

14

16

Vpr Parser Mcf Ammp Art EquakeGap Bzip2

P
er

ce
nt

(%
)

Decrease in IPC
Processor Energy Savings

(a) Spec2000

2

4

6

8

10

12

14

Adpcm Epic Jpeg Mpeg G721 Mesa Rasta Gsm

P
er

ce
nt

(%
)

Decrease in IPC Processor Energy Savings

(b) Mediabench

Fig. 6. Impactof compiler IPC-estimationdriven fetch throttling

-20

-10

0

10

20

30

40

50

60

Adpcm Epic Jpeg Mpeg G721 Mesa Rasta Gsm

P
er

ce
nt

(%
)

Fetch

Clock

Reg. FileIssueDecode

(a) Mediabench

-10

0

10

20

30

40

50

60

Vpr Parser Mcf Ammp Art Equake Gap Bzip2

P
er

ce
nt

(%
) Fetch

Decode
Issue

Clock
Reg. File

(b) Spec2000

Fig. 7. PercentageEnergy Reductionin ProcessorBlocks

that even the issuestagebene�ts from fetch-throttling.

C. ComparisonWith a Dynamic-OnlyArchitectural Scheme

We now compare Cool-Fetch to two previously pro-
posed microarchitectural-level front-end throttling schemes:
Decode/CommitRate (DCR) and Dependence-Based(DEP)
heuristicsby Baniasadiet al. [6]. Both DCR and DEP are
also �ne-grained schemes;however they solely rely on dy-
namic information.DCR throttlesfetch when the numberof
instructionspassingthroughdecodeexceedssigni�cantly the
numberof instructionsthat commit. As such DCR exposes
a purely dynamicpropertyby inhibiting fetch during branch
mispredictions.DEP analyzesthe decodedinstructionsevery
cycleandthrottlesfetchif thenumberof dependenciesexceeds
a thresholdof half the decodewidth. Similar to cool-fetch,
DEP is dependency-based,however DEP makes useof run-
time informationwhile Cool-Fetchutilizes only compile-time
information. We implementedDCR and DEP following the
guidelinesin [6]. The performanceresultsaregiven in Figure
8. By contrastwith DCR and DEP, Cool-Fetchsubstantially
preserves the original performanceof the applications.The

energy results in Figure 9 indicate that on the average,
Cool-Fetchis asenergy-ef�cient asDCR. However, for some
applicationssuch as the ADPCM, DCR saves more energy.
Note that this energy savings comesat the expenseof perfor-
mance,i.e.,DCRtradesoff performancefor energy. Compared
to Cool-Fetch,DEP saves more energy however tradesoff
performance.

D. SensitivityAnalysis

In this section, we examine the impact of resourceand
controldependenciesonourCool-fetch.Westartwith resource
dependenciesand analyzethe effects of cachemisses.Then,
we proceedto anotherresourcedependency and experiment
with a smaller instruction queuesize. Finally, we test the
impact of using a larger branch predictor and also present
an extendedpipelineexperimentwhich is essentiallya testof
control dependenciessince it ampli�es branchmisprediction
penalties.We now describethe resultsof eachexperimentin
turn.

One would expect that since our energy-saving heuristic
dependson a staticapproach,dynamicprogrambehavior such
as cachemisseswould dilute the ef�ciency of our method.



0

5

10

15

20

25

30

35

Adpcm Epic Jpeg Mpeg G721 Mesa Rasta Gsm

D
ec

re
as

e 
in

 IP
C

 (
%

)
Cool-Fetch

DCR DEP

(a) Mediabench

0

2

4

6

8

10

12

14

Vpr Parser Mcf Ammp Art EquakeGap Bzip2

D
ec

re
as

e 
in

 IP
C

 (
%

)

DCR

DEP

Cool-Fetch

(b) Spec2000

Fig. 8. Performanceof Cool-FetchversusDCR andDEP.

0

5

10

15

20

25

30

35

Adpcm Epic Jpeg Mpeg G721 Mesa Rasta Gsm

E
ne

rg
y 

S
av

in
gs

 (
%

)

Cool-Fetch

DCR

DEP

(a) Mediabench

0

5

10

15

20

25

Vpr Parser Mcf Ammp Art EquakeGap Bzip2

E
ne

rg
y 

S
av

in
gs

 (
%

)
Cool-Fetch

DCR

DEP

(b) Spec2000

Fig. 9. Energy Ef�ciency of Cool-FetchversusDCR andDEP.

This is not the casefor the testcasesconsidered.In TableII,
we present the data cache miss rates for the Spec 2000
benchmarks.The resultsare in agreementwith datagathered
from a recent Spec 2000 cacheperformanceanalysis[10].
Considerthe very high miss ratesfor the MCF, AMMP and
ART. This suggeststhatextractionof availableILP is affected
by dynamicmemoryperformancein thosebenchmarks.Yet,
asseenfrom Figure 6b, the performancedegradationdue to
our schemefor thoseapplicationsis not worsecomparedto
other, lower miss-rate,applications.

Benchmark Rate Benchmark Rate
VPR 1.1 PARSER 1.5
MCF 29.2 AMMP 14.3
ART 16.8 EQUAKE 1.1
GAP 0.3 BZIP2 2.0

TABLE II

M ISS RATES FOR THE BASELINE L1 DATA-CACHE (128K, 4 WAY)

We now presentthe resultsfor moreconstrainedresources.
In Figure 10, the fetch and instructionqueuesare 8 and 32

instructions,respectively. For the Spec2000benchmarks,we
againget excellentresults:6.13%energy savings with 0.37%
performancepenalty. For the Ammp and Bzip2 applications,
we even have a slight performancegain with our compiler-
directed throttling heuristic. By fetch-throttling at times of
low-ILP, the branchpredictioncanbe moreeffective. Indeed,
for thoseapplicationsthe ratio of committedto fetchedin-
structionsis higherfor the throttledcon�guration.This in turn
leadsto slightly increasedperformance.For the multimedia
applications,we achieve good resultsfor this con�guration:
8.5%averageenergy savingswith a1.3%performancepenalty.
To checkthe narrow-issuecase,we alsoreplicatedour exper-
imentsfor a 4-way issuecon�guration, the resultsaresimilar
andnot includedherefor the sake of brevity.

For branchmispredictions,we experimentedwith a larger
and better hybrid branch predictor (64K bimodal + 64K
Gsharewith 64K selector), even though the 2K bimodal
predictorhadgoodpredictionratesfor the selectedSpec2000
benchmarks(with the exceptionof Equake which hada 77%
rate).Comparedwith theunthrottledcasewith thesamebranch
predictor con�guration, the 2K bimodal predictor results in
1.4% averageperformancedegradationand 8% energy sav-
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Fig. 10. Compiler IPC-estimationdriven fetch throttling for smallerfetch and instructionqueues

ings,while thehybrid predictorhas1% performancedegrada-
tion and7.5% energy savings.

As discussedbefore,we analyzedthe impactof increasing
the pipeline depth to 11. The results are shown in Figure
11. The deeperpipeline allows an exploration for different
thresholdandduration parameters.Figure 11aand 11bshow
the casewith a throttling thresholdof 2 and duration of 1
cycles. Figure 11c and 11d are for a thresholdof 2 and
an expandedthrottling durationof 2 cycles.Figure 11e and
11f show the impactof usinga throttling durationof 1 cycle,
but a thresholdvalue of 3. There are interestingtradeoffs
here. The 1 cycle throttling duration case gives the least
performancedegradationbut with modestenergy savings.The
2 cycle durationcasehasthehighestenergy savings,however
the performancepenalty is larger, especiallyfor the media
applications.The thresholdof 3 and delay of 1 cycle gives
goodenergy savingsresultswith a smalldropin performance,
clearly this case is the optimum among the three policies
studied.The throttling durationof 2 cycles is long for wide-
issue architectures,and requiressubstantialchangesto the
throttling logic. However, usingthehigherthresholdof 3 with
a duration of 1 cycle requiresminimal changeto throttling
logic and is a bettermatchfor a deeperpipeline.

V. PREVIOUS WORK

Previous analysesof limits of available ILP reportedei-
ther pessimisticor optimistic results.The pessimisticcamp
includesthework of Wall [27], who assumesa processorwith
perfect memory disambiguation,perfect register renaming,
unlimited fetch bandwidthand a large numberof functional
units.For a wide rangeof benchmarks,this processorachieves
a maximumspeedupof only about7 times that of a realistic
baselineprocessor. Ontheotherhand,NicolauandFisher [20]
are in the optimistic camp: they report that three digit IPC
valuesareachievablefor someloop-dominatedapplications.

IPC estimationfor superscalarprocessorsis in someways
orthogonalto compiler-level dependenceanalysisfor instruc-
tion scheduling in VLIW processors.For VLIW proces-
sors,the compilerstaticallyandnon-speculatively determines

dependence-freeinstructionsthatarethenbundledinto a long
instruction.The literaturefor VLIW compilersis vast,for the
sake of brevity we refer the readerto Schlansker et al. [23]
for compiler-architectureinteractiontechniqueswhich achieve
high levels of ILP in VLIW processors.IPC estimationis
similar to superword-level-parallelism[14] in the sensethat
it canbe pro�table wheninherentILP is scarce.

Energy reduction through ILP monitoring is a fertile re-
searcharea.Most approachesuse hardware-basedheuristics
to predict ILP behavior basedon pastpro�ling information.
Thisdynamic-onlyestimationis thenusedto drivea throttling,
gating or resource-resizingmechanismto save energy. The
work canbe divided into two broadcategories:front-endand
back-endmethods.Front-endtechniquesfocus on the fetch
anddecodeblock, i.e., the earlier stagesof the pipeline.The
back-endmethods,on the otherhand,utilize the later stages,
i.e., the issuestage.Here,we focuson the front-end.

An early example for front-endtechniquesis the pipeline
gating work of Manneet al. [17]. The authorsinhibit spec-
ulative execution when such execution is highly likely to
fail. They analyzewhena branchis likely to mispredictand
exclude wrong-pathinstructionsfrom being fetchedinto the
pipeline. Their resultsshow a 38% reductionin wrong-path
executionswith a 1% performanceloss.A more recentwork
by Parikh et al. [21] also examinespower issuesrelatedto
branch prediction. A key observation of the paper is that
chip-wideenergy consumptioncouldbereducedby improving
branchpredictionaccuracy evenif this leadsto spendingmore
power in the branchunit. An alternative front-endapproach
is fetch/decodethrottling by Baniasadiet al. [6]. This �ne-
grainedapproachutilizestheinformationpassingthrougheach
pipelinestageto estimatethe ILP. Basedon this information,
the fetch/decodestageis stalledwheninsuf�cient parallelism
exists. However, as also expressedby the authors,traf�c per
pipeline stageis usedas an indirect, approximate,metric of
power dissipation.

To the bestof our knowledge,therehave beenno efforts
on incorporatingcompiler-driven static-only techniquesfor
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Fig. 11. Resultsfor 11-stagepipeline.

determiningILP for power and energy savings. Marculescu
[18] proposesa dynamic compiler-assistedtechnique that
adaptively selectsthenumberof instructionsto befetchedand
executedin parallel.Sheemploys a pro�le-driven methodol-
ogy to �nd the optimal numberof instructionsto be executed
in parallelfor eachbasicblock. However, this requirespreex-
ecutionof the programfor n timesto gatherpro�ling datafor

eachbasicblock, wheren is the maximumavailablefetch or
executionrate.The granularityof the approachis at the basic
block level, consequentlythereis a single fetch and execute
rateper block.



VI. SUMMARY

We have shown in this paper that compiler-driven static
IPC estimationis a powerful approachfor achieving chipwise
energy savings in superscalarout-of-issueprocessors.We
report up to 15% processorenergy savings with Cool-Fetch.
The impact on performanceis minimal and dependingon
the application, the method can even lead to performance
improvements.We include the power dissipationoverheadof
our techniquein experimentsacrossa wide spectrumof archi-
tecturalcon�gurations.We �nd that theef�ciency of our static
techniqueis quite stablein the presenceof dynamicprogram
behavior suchascachemissesandbranchmispredictions.
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